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Sterile Neutrinos

• Sterile neutrinos are a natural way of 
giving the known neutrino species 
mass. IF sterile neutrinos exist, and 
one of them has a mass between a 
few keV and 100 keV, it could 
constitute some or all of the dark 
matter. 

• Sterile neutrinos may decay to a 
photon and active neutrino via loop-
suppressed processes.
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MW Sterile Neutrino Signal - FOV is important!

• The signal from sterile 
neutrino decay would be a 
line at half the energy of 
the sterile neutrino. 
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• The flux goes as the 
number of dark matter 
particles in your FOV. 
Estimates depend on 
assumed MW DM profile.
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The 3.5 keV Line

• 3.5 keV X-ray spectral line: initial 
discovery in XMM-Newton data by 
Bulbul et al (1402.2301) and 
Boyarsky et al (1402.4119), at >3σ 
significance. 

• Bulbul et al studied 73 stacked 
galaxy clusters and found an 
excess at 3.56 keV consistent with 
a spectral line. They also find it in an 
analysis of the Perseus Cluster with 
Chandra. 

• Boyarsky et al find an excess at 
3.53 keV in their analysis of Perseus 
and the Andromeda Galaxy with 
XMM-Newton.

Bulbul e tal 1402.2301

Boyarski et al 1402.4119
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Milky Way Galactic Center

• Boyarsky et al (1408.2503) find a >5σ 
excess from the GC, with a 6.7σ 
significance when fitting the GC, 
Andromeda, and the Perseus Cluster, 
with consistent scaling of the claimed 
signal. 

•  However, an acceptable fit to the GC 
data is obtained when leaving K XVIII 
abundance as a free parameter. 

• Given the instrumental resolution of 
XMM, the authors cannot distinguish 
between these two possibilities.

1408.2503

1408.2503



Enectali Figueroa-Feliciano  /  Berkeley Workshop on Dark Matter Detection / June 2015 

MW GC - Non detections

• Both Riemer-Sorensen (using Chandra 
1405.7943) and Jeltma & Profumo 
(using XMM 1408.1699) analyze the 
GC and find no excess. 

• Significant back and forth ensues 
about K XVIII and correct modeling of 
abundances and continuum.

1408.1699
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MW GC - Non detections

• Both Riemer-Sorensen (using Chandra 
1405.7943) and Jeltma & Profumo 
(using XMM 1408.1699) analyze the 
GC and find no excess. 

• Significant back and forth ensues 
about K XVIII and correct modeling of 
abundances and continuum.

1408.1699

1409.4143
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Galaxies, Groups, and Dwarf Spheroidals

• Anderson et al 1408.4115 
analyzed a large stacked sample 
of galaxies (81 with Chandra and 
89 with XMM, with 15.0 and 
14.6 Ms exposures), ruling out a 
3.57 keV at 4.4σ and 11.8σ, 
respectively. 
 

• Malyshev et al 1408.3531 looked 
at 8 dwarf spheroidal galaxies 
with XMM (0.6 Ms total 
exposure) and rule out a line at 
3.5 keV at the 4.6σ level.

1408.4115

1408.3531
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Morphological Studies
• Urban et al 1411.0050 use Suzaku data and 

find an excess at 3.51 keV in the Perseus 
Cluster. They analyze the morphology of the 
excess and determine that its radial profile is 
inconsistent with the expected dark matter 
model, and furthermore do not see the excess 
in the Coma, Virgo or Ophiuchus Clusters. 

• Carlson et al 1411.1758 use XMM data of both 
the MW GC and Perseus Cluster. They find 
that the Galactic Center 3.5 keV line photons 
trace the morphology of atomic lines at 
comparable energy, and that the Perseus 3.5 
keV photons are highly correlated with the 
cluster's cool core 

• Tamura et al 1412.1869 use Suzaku to do a 
spectroscopic search in different annuli of the 
Perseus Cluster and find no evidence for a line.

1411.1758

1411.1758Perseus

MW GC
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Current Status of 3.5 keV line

• Sterile neutrinos and other models where the signal is directly 
proportional to the dark matter density appear ruled out by the 
stacked galaxies and dwarf spheroidal results, modulo systematics in 
those analyses. 

• Other dark matter models whose flux scales as ρn could explain the 
observations

XMM-
Newton Chandra Suzaku

Stacked Clusters +
Perseus Cluster + + ±

Coma, Virgo, Ophiucus + - -
Andromeda Galaxy ±

Milky Way Galactic Center + -
Stacked Galaxies - -
Milky Way Dwarfs -

Riemer-Sorenson (1405.7943, MW with 
Chandra data) 
Jeltema & Profumo (1408.1699, MW) 
Boyarsky et al (1408.2503, MW center 
Malyshev et al (1408.3531, dwarf 
spheroidal galaxies) 
Anderson et al (1408.4115, stacked 
galaxies with Chandra and XMM-Newton) 
Urban et al (1411.0050, Suzaku) 
Tamura et al (1412.1869, Suzaku)
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Alternate DM Explanations
• Exciting dark matter: (Finkbeiner & Weiner 

1402.6671, Cline & Frey 1410.7766) 

• DM has a metastable excited state 3.5 
keV above the ground state. This state 
is excited by DM-DM collisions, and 
subsequently decays producing a 
photon. Rate of excitation scales as 
density2 x velocity dependence - much 
less constrained than just DM density, 
seems to allow compatibility with data. 

• Another possibility is dark matter decay 
producing an axion-like particle, followed 
by conversion to an X-ray photon in the 
presence of magnetic fields (e.g. Conlon & 
Day 1404.7741). Can lead to bright signal 
in clusters, fainter in dwarfs and galaxies 
(Alvarez et al 1410.1867).

Talk by Neal Weiner, 
CIPANP2015

Slide from talk by Tracy Slater, Beyond WIMP conference
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New Technology to the Rescue

• Whatever the fate of the 3.5 keV line, it seems clear we are 
reaching the limits of what is possible with existing 
observatories. 

• X-ray observations in the 1-100 keV range continue to be 
fertile ground to search for new physics. New technology is 
needed to continue improving sensitivity.
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Astro-H

• Astro-H will launch in 2016 with a 7 eV 
FWHM energy resolution microcalorimeter 
and a 3’ x 3’ FOV.

1412:1176
1412.1356

Takayuki Tamura Talk at  
Chalonge Meudon Workshop 2014
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Astro-H

• Astro-H will launch in 2016 with a 7 eV 
FWHM energy resolution microcalorimeter 
and a 3’ x 3’ FOV.

1412:1176
1412.1356

Takayuki Tamura Talk at  
Chalonge Meudon Workshop 2014
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Astro-H Soft X-ray Spectrometer (SXS)

• The FOV limits its ability to look for the all-sky signal expected from sterile 
neutrino decay in the Milky Way (although it will certainly look!) 

• Extragalactic sources from galaxy clusters to dwarf spheroidals are better 
fits to its FOV.
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Astro-X SXS Microcalorimeter Perseus Simulation



Enectali Figueroa-Feliciano  /  Berkeley Workshop on Dark Matter Detection / June 2015 

Sounding Rocket Payloads 
for Sterile Neutrino Searches

PRE
LIM

INA
RY
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Sounding Rocket Payloads
• 300 seconds of on-target data above 

169 km 

• High resolution X-ray microcalorimeter 
with ~1cm^2 area and large ~steradian 
FOV 

• Flights from White Sands Missile Range 
in New Mexico and Woomera Range in 
Australia
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The XQC Rocket Payload
• Mature flight system flown 6 times 

between 1995 and 2014 

• Si Thermistor Microcalorimeter array 
with 36 pixels, each with a 2mm x 
2mm x 0.96μm HgTe absorber on a 
14μm Si substrate 

• Baseline energy resolution is 11 eV 
FWHM, 23 eV FWHM at 3.3 keV.   

• 1 steradian FOV ~ 1900 arcmin radius
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Analysis of XQC Data

• Analyzed data from 5th flight of 
XQC, which flew Nov 6 2011. 

• 1 steradian FOV centered on 
Galatic coords l=165, b=-5, close 
to Galactic anti-center. 

• About 300 seconds of on-target 
data were acquired at altitudes 
above 160 km, of which 200 s of 
data on 29 pixels were analyzed. 
After quality cuts, the effective 
exposure is 106 s. 

• Future analysis of entire XQC data 
set from all flights will increase the 
exposure by a factor of about 5. 

Dotted: NFW 
Dashed: Einasto 

Solid: Burkart 

Black: Galactic Center 
Gray: XQC Field

Comparing Signal to XMM

Radius
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Einstein (HEAO-2) 2-9 keV All-Sky Map

Sco X-1

Oph X-1
J170358.4-375043

1978-1982

+ Crab

XQC  
Field 
Center
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Fit to XQC Data
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• Use  extended unbinned maximum likelihood to set an upper limit for an unidentified line 
above the background model 

•  At 3.53 keV, we set an upper limit on the flux of an unidentified line of 0.17 cnts cm-2 s-1 
at 95% CL. 

• Not sensitive enough to rule out Boyarski’s MW detection claim… will analyze existing 
archival data to gain a factor of around 5 in exposure
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Future Sounding Rocket 
Observations
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The Micro-X Sounding Rocket

ORSA

S19

ACS
Telemetry Micro-X Science 

Instrument
Black Brant IX   
Second Stage

Terrier  
First Stage

Electronics

TES 
Microcalorimeter 

Cryostat Optical Bench X-ray Mirror
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The Micro-X Sounding Rocket

Electronics

TES 
Microcalorimeter 

Cryostat
• For sterile neutrino searches, we will fly 

the payload without the mirror to obtain 
a large FOV and thus greater grasp: 

• With mirror, grasp = 38 cm^2 deg^2 

• Without mirror, grasp = 1256 cm^2 
deg^2

• Payload under development. First flight next year! 

• TES Microcalorimeter array with 128 pixels, each with a 
0.9mm x 0.9mm x (3μm Bi + 0.7μm Au) absorber 

• Baseline energy resolution is 3-4 eV FWHM, flat out to 
6-7 keV. 

• 0.38 steradian FOV ~ 1200 arcmin radius, expect to 
increase to 1 sr in the future.
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Comparing Micro-X to XMM
• Using the Boyarski et al XMM 

claimed signal from the GC as 
a benchmark, we scale to the 
Micro-X FOV to estimate 
signal and background from a 
Micro-X observation. 

• Using NFW, Micro-X signal is 
~2000 times higher than XMM 
observation.

Comparing Signal to XMM

Radius

Radius
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FOV for Micro-X GC Observation

Sco X-1

Oph X-1
J170358.4-375043

Einstein 2-9 keV All-Sky Map
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GC Observation from Australia in 2017

Sco X-1

Oph X-1
J170358.4-375043

Einstein 2-9 keV All-Sky Map
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Background Estimates for Micro-X GC Observation

Sco X-1

Oph X-1
J170358.4-375043

Einstein 2-9 keV All-Sky Map

LMXBs
CXB  Kushino et al (2002)

  Galactic Thermal Model 
Uchiyama et al (2013)
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Background Estimates for Micro-X GC Observation

Sco X-1

Oph X-1
J170358.4-375043

Einstein 2-9 keV All-Sky Map

LMXBs
CXB  Kushino et al (2002)

  Galactic Thermal Model 
Uchiyama et al (2013)
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Background Estimates for Micro-X GC Observation

Sco X-1

Oph X-1
J170358.4-375043

Einstein 2-9 keV All-Sky Map

LMXBs
CXB  Kushino et al (2002)

  Galactic Thermal Model 
Uchiyama et al (2013)
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Background Estimates for Micro-X GC Observation

Sco X-1

Oph X-1
J170358.4-375043

Einstein 2-9 keV All-Sky Map

LMXBs
CXB  Kushino et al (2002)

  Galactic Thermal Model 
Uchiyama et al (2013)
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Mock Micro-X GC Observation
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Sterile Neutrino Bounds
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Future FOV for Micro-X: 1 sr, Off-Plane

Sco X-1

Oph X-1
J170358.4-375043

Einstein 2-9 keV All-Sky Map
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Future FOV for Micro-X: 1 sr, Off-Plane

Sco X-1

Oph X-1
J170358.4-375043

Einstein 2-9 keV All-Sky Map
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Conclusions

• High-energy resolution microcalorimeters will increase the 
sensitivity of future sterile neutrino searches in the X-ray band. 

• Sounding rocket observations can place competitive limits on 
keV sterile neutrinos or other dark matter models whose signal 
scales with the dark matter density 

• The signal from rockets is photon starved, so multiple flights 
will continue to increase the sensitivity




